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The mechanisms by which an organism becomes immune competent during its development are largely unknown. When
infected by eggs of parasitic wasps, Drosophila larvae mount a complex cellular immune reaction in which specialized host
blood cells, lamellocytes and crystal cells, are activated and recruited to build a capsule around the parasite egg to block its
development. Here, we report that parasitization by the wasp Leptopilina boulardi leads to a dramatic increase in the
number of both lamellocytes and crystal cells in the Drosophila larval lymph gland. Furthermore, a limited burst of mitosis
follows shortly after infection, suggesting that both cell division and differentiation of lymph gland hemocytes are required
for encapsulation. These changes, observed in the lymph glands of third-instar, but never of second-instar hosts, are almost
always accompanied by dispersal of the anterior lobes themselves. To confirm a link between host development and
immune competence, we infected mutant hosts in which development is blocked during larval or late larval stages. We
found that, in genetic backgrounds where ecdysone levels are low (ecdysoneless) or ecdysone signaling is blocked
(nonpupariating allele of the transcription factor broad), the encapsulation response is severely compromised. In the
third-instar ecdysoneless hosts, postinfection mitotic amplification in the lymph glands is absent and there is a reduction
in crystal cell maturation and postinfection circulating lamellocyte concentration. These results suggest that an
ecdysone-activated pathway potentiates precursors of effector cell types to respond to parasitization by proliferation and
differentiation. We propose that, by affecting a specific pool of hematopoietic precursors, this pathway thus confers immune
capacity to third-instar larvae. © 2002 Elsevier Science (USA)
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Vertebrates defend themselves against infections by call-
ing upon both the innate and adaptive (acquired) immune
systems. Adaptive immunity is mediated by B and T
lymphocytes—blood cells that produce a variety of specific
antigen receptors by somatic gene rearrangements. In con-
trast, innate immunity is effective against a broad class of
foreign agents and depends on factors encoded in the
germline. Innate immune responses constitute the organ-
ism’s first line of defense against infection, and in both
vertebrates and invertebrates, cells of this system are stra-
tegically placed to provide a rapid response to microbial and
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All rights reserved.parasitic infections (Kimbrell and Beutler, 2001). Innate and
adaptive immunity have traditionally been treated as mu-
tually exclusive systems, yet in reality they overlap (Hoff-
man et al., 1999). As there is no evidence for adaptive
immunity in Drosophila, this organism provides an oppor-
tunity to study the cellular and molecular mechanisms
underlying innate immune reactions.
Investigation of Drosophila humoral immunity has re-
vealed both genetic and functional similarity between in-
sect and mammalian humoral immune systems (Khush and
Lemaitre, 2000). The Drosophila gene cassette Toll/tube/
pelle/cactus regulates expression of the antifungal peptide
Drosomycin in the fat body, a functional homologue of the
mammalian liver (Lemaitre et al., 1996). A similar mam-
malian pathway composed of Toll-like receptor, MyD88,Developmental Biology 243, 65–80 (2002)
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2000). A gain-of-function allele of hopscotch (homologous
to mammalian JAK), hopTum-l, has been associated with
constitutive expression of Tep1, a homologue of the mam-
malian 2 macroglobulin (Lagueux et al., 2000). Interest-
ingly, upregulation of both the Toll/cactus and hopscotch/
stat92E pathways affects the proliferation and differ-
entiation of larval blood cells and induces cellular encapsu-
lation of self tissue (Luo et al., 1995; Qiu et al., 1998).
Steroid hormones have also been implicated in humoral
immunity: the activation of the antibacterial gene dipteri-
cin in the fat body is under developmental control by
ecdysone (Meister and Richards, 1996). However, whether
the cellular immune system is under similar developmental
regulation is not known. Furthermore, the utility of specific
Drosophila cellular immune responses, in which micro-
scopic organisms are promptly cleared and macroscopic
pathogens are contained, as models for mammalian innate
immunity has not been as well examined.
Unlike the humoral immune response, in which antimi-
crobial peptides are themselves immune effectors, the cel-
lular immune response is mediated by changes in the state
and behavior of blood cells, or hemocytes. The hemocytes
of Drosophila larvae are found in three compartments: (1)
individual hemocytes circulating in the hemolymph; (2)
groups of “sessile” hemocytes adhering to organs and the
body wall; and (3) the lymph gland (Lanot et al., 2001).
Circulating and sessile hemocytes consist of two types of
cells: plasmatocytes, which phagocytose foreign microbes
and dead self tissue, and crystal cells, which carry proph-
enol oxidase (Rizki and Rizki, 1980). Lysing crystal cells
release an activated form of this enzyme, which catalyzes
the synthesis of melanin. The third hemocyte compart-
ment, the lymph gland, is composed of immature progeni-
tors of the plasmatocyte and crystal cell lineages and is
subdivided into four to six pairs of lobes. These lobes are
enveloped in a basement membrane and arranged sym-
metrically about the dorsal vessel. The first (anterior) lobe
pair is largest and contains the most mature hemocytes, and
the remaining posterior lobes are smaller and contain
progressively fewer differentiated hemocytes (Rizki, 1978;
Shrestha and Gateff, 1982; Lebestky et al., 2000; Lanot et
al., 2001). The lymph gland does not persist into adulthood,
and during metamorphosis, cells of the lymph gland differ-
entiate into macrophages and are freed en masse, presum-
ably to phagocytose larval tissue targeted for destruction
(Lanot et al., 2001).
When Drosophila larvae are invaded by large endopara-
sites, a second type of cellular response ensues. Parasitoid
wasps such as Leptopilina boulardi (Kopelman and
Chabora, 1984) inject eggs into Drosophila larvae; such eggs
are too large to be phagocytosed by individual plasmato-
cytes. Instead, the host larva neutralizes the wasp egg by
means of a specialized cellular immune response known as
encapsulation: the wasp egg is enveloped in a multilayered
capsule composed almost entirely of a third type of Dro-
sophila hemocyte, a large flat adhesive hemocyte known as
the lamellocyte (Nappi and Streams, 1969). The cellular
precursors from which lamellocytes arise are unknown.
Crystal cells have also been observed in capsules, but their
role in encapsulation is unclear (Rizki and Rizki, 1990). The
encapsulation response is common among studied insects,
and a model of encapsulation could be described by the
following: (1) recognition of foreign body by molecular
opsonizing agents and/or by patrolling plasmatocytes; (2)
release by hemocytes of factors that attract additional
hemocytes to foreign body; (3) adhesion to foreign object by
specific blood cells; blood cells adhere to the invader and
each other, resulting in a multilayered cellular sheath that
completely envelops the invader; (4) cessation of encapsu-
lation response; and (5) killing of encapsulated organism
and deposition of melanin on the surface of the object
(Strand and Pech, 1995; Lanot et al., 2001; Schmidt et al.,
2001). Similar cellular reactions have even been described
in mammals: in rats (Pereira et al., 2001) and in humans
(Grogan et al., 1987), eosinophils, macrophages, neutro-
phils, and mast cells are found in large concentrations
surrounding subdermal parasitic larvae of the botfly Der-
matobia hominis; furthermore, fibroblasts release collagen
to produce a fibrous nodule that surrounds the larval
parasite (Pereira et al., 2001).
Until recently, investigation of hemocyte response to
parasitization had focused exclusively on circulating hemo-
cytes (Rizki and Rizki, 1992; Russo et al., 2001). However,
recent evidence indicates that the lymph gland may play a
primary role in the encapsulation response. Chiu et al.
(2001) observed a correlation between parasitization by the
highly virulent wasps L. heterotoma and Ganaspis xan-
thopoda and a drastic reduction in the size of third-instar
host lymph glands, consistent with either an immune-
response dispersal of lymph gland hemocytes or destruction
of host immune effectors by wasps. Lanot et al. (2001)
observed the appearance of lamellocytes in the lymph gland
within 24 h of superparasitization of third-instar hosts by
the avirulent L. boulardi, followed by dispersal of the
anterior lobes and the appearance of lamellocytes in poste-
rior lobes, suggesting that the lymph gland itself is the
source of lamellocytes needed for encapsulation. Although
it is clear that infection by parasitic wasps causes the
activation of the lymph gland itself, it is not known if (1)
hemocyte proliferation is part of this activation process, (2)
lamellocyte and crystal cell lineages are simultaneously
affected, (3) there is a developmental regulation of immune
competence that allows the lymph gland to respond to
infection, and (4) parasitization always results in dispersal
of the lymph gland.
To further define cellular changes within the lymph
gland prior to encapsulation, we parasitized second-instar
wild-type hosts with L. boulardi and found that, after
parasitization, (1) there is a significant increase in lymph
gland hemocyte proliferation in early third-instar (but not
in second instar) larvae, suggesting a link between ontogeny
and immune capacity; (2) the number of active, immune
competent cells (lamellocytes and crystal cells) in the
lymph gland increases in the third instar; and (3) parasit-
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ization strongly correlates with lymph gland dispersal. We
confirm the link between lymph gland ontogeny and larval
cellular immune capacity by observing the effect of devel-
opmental delay on normal lymph gland response to para-
sitization: in larvae homozygous for the recessive
temperature-sensitive lethal ecdysoneless1 (ecd1) mutation
(Garen et al., 1977) or those that carry a nonpupariating
allele of Broad Complex (which encodes a transcription
factor that mediates ecdysone signaling; Kiss et al., 1978;
DiBello et al., 1991), the likelihood of parasitization-
induced lymph gland dispersal and wasp egg encapsulation
is strongly reduced. In parasitized ecd1 larvae, lymph glands
do not exhibit the parasitization-associated mitotic burst in
early third instar and have fewer mature crystal cells than
in control glands, lamellocytes are absent from circulation,
and wasp egg encapsulation almost never occurs. We pro-
pose that the ecdysone pathway is required for proliferation
and differentiation of hematopoietic precursors of lamello-
cytes and crystal cells and discuss our findings in light of a
similar role for steroid hormones in mammalian hemato-
poiesis.
MATERIALS AND METHODS
Insect stocks. D. melanogaster stocks: included Canton S
(wild-type). ecd1 st1 ca1/ecd1 st1 ca1 (V. Henrich), ecd1 st1 red1 e4
ca1/ecd1 st1 red1 e4 ca1 (Bloomington Stock Center), ecd1/TM6B Tb,
and ecd1 st1 ca1/TM6B Tb carry a temperature-sensitive lethal (at
29°C) mutation of ecd. Df(3L)R-G7 ve1/TM6B Tb carries an ecd
deficiency and was generated from a TM3 stock (Umea Stock
Center). We rescued developmental arrest in the ecd1 st1 ca1/
TM6BTb stock by ecdysone treatment: 2-day-old second-instar
mutant larvae were transferred to 29°C, allowed to develop for 5
more days (after which they were in third instar), and then provided
with a yeast paste containing 104 mM 20-hydroxyecdysone; 16/16
mutant larvae formed pseudopuparia, consistent with similar res-
cues performed by Garen et al. (1977) and Redfern and Bownes
(1983).
y brnpr-3/Binsn (Umea Stock Center). rlb/rlb: rlb (resistance to
L. boulardi) is on the second chromosome and the dominant rlb
allele is associated with endowment of positive encapsulation
capacity in Drosophila larvae (Hita et al., 1999). brnpr-3/Binsn
females were crossed with/Y; rlb/rlb males to produce brnpr-3/Y;
rlb/ mutant males. This was necessary because preliminary
encapsulation assays revealed that the brnpr-3/Binsn stock was
completely unable to mount an encapsulation response.
y v hopTum-l/Basc (C. Dearolf). y v hopTum-l/Basc; ecd1 st1 ca1 was
generated from above stocks by standard crossing (H. Chiu).
msn03349/TM6B Tb carries a PlacZ insert that, among larval hemo-
cytes, produces staining only in lamellocytes (Braun et al., 1997)
and was generated from msn03349/TM3 Sb (Bloomington Stock
Center); msn03349/msn03349 is larval/pupal lethal. Because ecd and
the msn03349 insertion are separated by less than 1 cM, we were
unable to generate an ecd-msn03349 recombinant stock.
y w; Bc Gla/CyO y was generated from y w; Bc Gla/CyO
ubi-S65T (Bloomington Stock Center). A y w; Bc Gla/CyOy; ecd1
st1 red1 e4 ca1/TM6B e Tb stock was generated from above stocks;
Bc/; ecd1/Df larvae were generated by a cross of females of this
stock with Df(3L)R-G7 ve1/TM6B Tb males. Blackened crystal cells
were not visible in Bc/ larvae raised at 29°C; therefore, black cell
counts for Bc/; ecd1/Df larvae were carried out on larvae raised at
27°C; lymph gland hypertrophy and failure to pupariate were
observed in Bc/; ecd1/Df larvae raised at 27°C. Parasitoid wasp: L.
boulardi strain G486 (Y. Carton).
Egglays. Drosophila egglays took place at 25°C in vials con-
taining standard yeast/cornmeal/agar fly food that had been
sprinkled with dry yeast. Egglay duration for ecd stocks and crosses
was 24 h; for Canton S, hopTum-l/Basc, and hopTum-l/Basc; ecd1 st1
ca1/ecd1 st1 ca1, duration was 2–6 h. Changes in incubation
temperature to either 18 or 29°C took place at 48 h (52 h for ecd
stocks and crosses) after start of egglay. For lymph gland time-
course analysis and mitotic index analysis (unparasitized and
parasitized), all egglays were for 2 h; msn03349/ and Bc/ larvae
were exposed to wasps for 2 h at 48  1 h after midpoint of egglay
period; ecd1/ and ecd1/ecd1 larvae were permanently transferred
to 29°C and temporarily exposed to wasps for 2 h at 52  1 h after
midpoint of egglay period. Age of larvae was calculated from egglay,
not from hatching.
Wasp egg encapsulation assay. As described in Chiu et al.
(2001), after approximately 48 h of development, fly larvae were
exposed to 4–10 females of L. boulardi G486 for about 24 h.
Parasitized third-instar larvae were washed in PBS and examined
under a stereomicroscope for the presence of melanotic capsules.
The background level of melanotic capsule formation is essentially
zero; any melanotic capsule present is considered a positive result.
Larvae that scored negative for encapsulation were dissected to
determine whether parasitization had occurred. Unparasitized lar-
vae were excluded from our counts. Superparasitizations were
included in our counts, but these were not frequent.
Postinfection lamellocyte percentage (PIL%). Parasitized fly
larvae were dissected and examined for the presence of wasp larvae.
Host hemolymph samples were allowed to air-dry for 10–20 min,
fixed for 3 min with 4% formaldehyde in PBS, and stained with 10
g/ml of Hoechst nuclear dye (Molecular Probes) in PBS for 5 min.
Samples were washed five times with PBS, mounted in 90%
glycerol, and observed at 400 on a Zeiss Axioplan compound
fluorescent microscope. Circulating lamellocytes were easily dis-
tinguished from plasmatocytes by their nuclear and cytoplasmic
morphology and could be counted, even when in large unmelanized
aggregations. Lamellocytes that were part of encapsulations of
foreign or self tissue were excluded. With few exceptions, at least
500 hemocytes from at least three representative fields of vision
were counted for each sample. Lamellocyte percentage was calcu-
lated relative to the total number of hemocytes.
Lymph gland dispersal. Lymph glands that exhibited at least
minimal signs of dispersal were not considered intact. Minimal signs
of dispersal include rupture of the basement membrane and irregular
protrusions of cells from otherwise smooth lymph gland lobes.
Lymph gland black cell count. Lymph glands from larvae
carrying the Bc/ marker were mounted on glass slides, fixed (4%
formaldehyde in PBS), and covered in 50% glycerol. Samples were
then observed on a Zeiss Axioplan compound microscope at 400,
and the number of blackened crystal cells in all lobes of every
sample was counted.
Immunostaining. Primary antibodies used were rabbit IgG
anti-phosphohistone H3 (Upstate Biotechnology) and mouse IgG
anti-cyclin B supernatant (F2F4; developed by P. O’Farrell, obtained
from the Developmental Studies Hybridoma Bank, Department of
Biological Sciences, University of Iowa, IA City, IA). Samples were
allowed to air-dry for 10–30 min. Samples incubated with anti-
cyclin B antibody were fixed with freshly prepared 4% paraformal-
dehyde (in PBS); other samples were fixed with 4% formaldehyde
(in PBS; all for 3 min). Samples were permeabilized by 0.1% Triton
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X-100 in PBS, and blocked with 1% BSA in PBS  0.1% Triton
X-100 (PBSTB). Incubation of samples with either 25 ng/l rabbit
polyclonal IgG in PBSTB or a 1:1 dilution of F2F4 supernatant in
PBSTB was performed at room temperature for 2 h. Samples were
washed three times with PBS. Secondary antibodies used were goat
anti-rabbit IgG with biotin conjugate (7.5 g/ml in PBSTB; Vec-
tastain Elite ABC kit, Vector Laboratories) and goat anti-mouse IgG
with FITC conjugate (6.94  101 ng/ml in PBSTB; Immunotech).
Samples were incubated for 2 h at room temperature with second-
ary antibodies. Samples stained with F2F4 were visualized and
imaged on a Molecular Dynamics Confocal Microscope. Samples
stained with anti-phosphohistone were incubated with Vectastain
Elite ABC reagent for 30 min, washed three times with PBS, and
then incubated for 2 min in Tris buffer containing 6.67  101
mg/ml 3, 3-diaminobenzidine tetrahydrochloride (DAB) and a
1:1000 dilution of 30% H2O2. Samples were washed three times
with PBS, and then photographed at 100 on a Zeiss Axioplan
microscope.
Mitotic index. Lymph glands dissected from ecd1/ and
ecd1/ecd1 larvae (from ecd1 st1 ca1/TM6B Tb stock raised at 29°C)
at times specified in Table 2 were prepared and stained with
anti-phosphohistone H3 antibody as described above. The number
of positively staining cells in all lymph gland lobes was counted.
Mean values  SD were compared by using a modified Student’s t
test. At 84 h, although most heterozygotes were in early third
instar, most ecd1/ecd1 mutants were still in second instar. Using
spiracle morphology as a developmental marker, we determined
that most ecd1/ecd1 mutants reach early third instar at 96 h. To
control for developmental equivalence, we compared 84-h-old
heterozygote samples to 96-h-old mutant samples.
Statistical analysis. All proportions were compared using Z 
[p1  p2  0.5(1/n1  1/n2)]/[p (1  p)(1/n1  1/n2)]0.5, where n 
sample size, p  proportion of positively scoring individuals in
sample, p  (m1 m2)/(n1  n2), m number of positively scoring
individuals in sample. All means were compared by using t  (x1 
x2)/(s12/n1  s22/n2)0.5 and   {(s12/n1  s22/n2)2/[((s12/n1)2/(n1  1))
 ((s22/n2)2/(n2  1))]} 2, where n sample size, x sample mean
value, s sample standard deviation. If P 0.05, the difference was
considered significant.
RESULTS
Third-Instar, but Not Second-Instar, Lymph
Glands Are Immune Responsive
Melanized encapsulations have almost never been ob-
served in second-instar larvae parasitized by L. boulardi,
but are easily observed in feeding and wandering third-
instar larvae. This phenomenon suggests that the larval
encapsulation response is stage-specific. As the lymph
gland has been identified as immune-responsive (Lanot et
al., 2001), we investigated links between larval develop-
ment and immune capacity by performing timed serial
dissections of lymph glands from second- and third-instar
msn03349/ larvae from t  51 h to t  147 h (1 h; Figs.
1A–1F; see Fig. 1S for schematic cartoon of a typical lymph
gland). Despite the increase in the size of the organism
during the second larval instar, the size and gross morphol-
ogy of the lymph gland do not change markedly (Figs.
1A–1C). However, third-instar lymph glands, while retain-
ing a similar morphology, are quite obviously much larger
(Figs. 1D–1F). At all times, the lymph gland is negative for
lamellocyte-specific X-gal staining conferred by the en-
hancer trap insert of msn03349 (see Materials and Methods).
Upon parasitization by L. boulardi G486 (hereinafter
referred to as G486) at t  48  1 h, the msn03349/ lymph
gland exhibits no X-gal staining during the second instar
when monitored at 3, 6, and 27 h postinfection (HPI; Figs.
1G–1I, glands dissected from 51-, 54-, and 75-h-old larvae),
and the anterior lobes of the lymph glands remain intact.
However, the earliest evidence of a lymph gland response is
observed in third-instar lymph glands at 51 HPI (99-h-old
larvae); lamellocyte-specific staining is visible in the ante-
rior lobes (Fig. 1J, arrowheads). By 75 HPI (123-h-old larva),
the lymph gland response has intensified, the anterior lobes
of third-instar glands show obvious signs of dispersal, and
many cells still in the anterior lobes exhibit lamellocyte-
like morphology, as well as lamellocyte-specific staining
(Fig. 1K, arrowheads). Lamellocyte-specific staining was not
observed at 99 HPI (Fig. 1L, 147 h old), probably the result of
departure of lamellocytes from the lymph gland.
In order to determine whether stage-specific development
and immune response also constrain mature lymph gland
crystal cells, we examined lymph glands from unparasitized
and parasitized larvae heterozygous for Black cells (Bc). The
dominant Bc mutation causes blackening and death of
crystal cells upon maturation and serves as a crystal cell
marker (Rizki et al., 1980). Lymph gland morphology of
unparasitized Bc/ larvae (t  51 h to t  147  1 h; Figs.
1M–1R) is similar to that of msn03349/ glands. Interest-
ingly, blackened crystal cells, although present in second-
instar hemolymph (Rizki et al., 1980; R.P.S., unpublished
observations), were not seen in second-instar Bc/ lymph
glands (Figs. 1M–1O), but were clearly present in third-
instar glands (Figs. 1P–1R). The number in each gland is
highly variable: the observed mean number of black cells
per lymph gland is 75.36  56.24 (n  11; 6-day-old larvae
at 25°C). Only occasionally was a black cell observed in any
of the posterior lobes (e.g., Fig. 1R, arrowhead). To deter-
mine whether wasp parasitization can alter the distribution
pattern of lymph gland crystal cells, we examined intact
lymph glands from Bc/ larvae parasitized by G486 (intact,
as opposed to dispersed, lymph glands contain all the
mature crystal cells produced by the lymph gland, allowing
an accurate quantification of crystal cell response). We
found that G486-parasitized second-instar lymph glands (at
3, 6, and 27 HPI) did not exhibit blackened crystal cells
(results not shown) and were indistinguishable from their
unparasitized counterparts (Figs. 1M–1O). However, in
third-instar lymph glands, parasitization was associated
with a significant (P  0.001) threefold increase in the
number of anterior lobe black cells (243.89  91.72; n  9;
6-day-old larvae at 25°C) as compared to glands from
unparasitized hosts, and the simultaneous appearance of
black cells in the first pair of posterior lobes (arrowheads,
Figs. 1U–1W; 51, 75, and 99 HPI).
Finally, in a genetic background in which both lamello-
cytes and crystal cells are marked (msn03349/; Bc/), we
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FIG. 1. Changes in larval lymph gland morphology during development and upon parasitization. (A–L) msn03349/. Unparasitized (A–F; 51,
54, 75, 99, 123, and 147  1-h-old larvae) and G486-parasitized (G–L; same times as A–F); all were stained overnight with X-gal. Notice
lamellocyte-specific (see Materials and Methods) blue X-gal staining indicated by arrowheads (J, K); wasp larva (wl) in (J) is inside the dorsal
vessel. (M–R, U–W) Bc/. Unparasitized (M–R; 51, 54, 75, 99, 123, and 147  1 h old) and G486-parasitized (U–W; 99, 123, and 147  1 h).
Crystal cells in (P) (arrowheads) are within the dorsal vessel, not the lymph gland lobes, but those indicated by arrowheads in (U–W) are in
posterior lobes. All parasitizations took place at 48  1 h. (S) Schematic representation of larval lymph gland. (T) Lymph gland from
6-day-old Bc/; msn03349/ larva, 4 days after parasitization by G486, stained overnight with X-gal to visualize lamellocytes. In each panel,
anterior is at the top. Scale bars, 100 m.
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found that lamellocytes and crystal cells in parasitized
double-heterozygotes (Fig. 1T) followed patterns similar to
those found in larvae carrying single mutations (Figs. 1K
and 1W). Therefore, inactivation of crystal cells by the Bc
mutation does not prevent lamellocyte differentiation.
These results together confirm that the anterior lobes of the
third-instar lymph gland harbor the capacity to amplify the
numbers of terminally differentiated lamellocytes as well
as crystal cells—a step that likely requires both cell division
and cell differentiation. This amplification is accompanied
by their dispersal, presumably into the hemocoel.
ecd and br Mutations Suppress the Encapsulation
Response
To determine whether the immune competence of the
lymph gland is under the control of the developmental
program regulated by ecdysone, we assessed the encapsula-
tion capacity of ecdysoneless (ecd) and broadnonpupariating-3
(brnpr-3; DiBello et al., 1991) mutants parasitized by G486.
For both ecd and br experiments, heterozygote and mutant
larvae were both of the same chronological age and in the
third instar. ecd larvae were obtained from three different
backgrounds: mutant and heterozygous larvae from a bal-
anced stock (ecd1/TM6B Tb), ecd1/Df(3L)R-G7 mutants and
heterozygous siblings produced by a cross (see Materials
and Methods), and ecd1 mutants from a homozygous viable
stock. At the restrictive temperature (29°C) at 5–6 days of
age, ecd heterozygote encapsulation capacities were high
(40%; Fig. 2). However, at the same temperature, ecd1
homozygote siblings exhibited a 0.00% encapsulation rate,
and very few (1.54%) ecd1/Df larvae produced an encapsu-
lation response (Fig. 2). Therefore, ecd larvae from different
backgrounds consistently exhibited a highly significant
total (ecd1/ecd1: P  0.01) or near-total (ecd1/Df: P  0.01)
suppression of encapsulation capacity. Interestingly, even
9-day-old ecd1 mutants from the homozygous stock exhibit
a 0.00% encapsulation rate (n  110) at 29°C, indicating
that the encapsulation response did not require additional
time.
To assess their encapsulation capacity, hemizygous br
mutant males had to be obtained from a cross with a
FIG. 2. ecd and br suppress encapsulation capacity. ecd and br stocks were parasitized by G486. Numerical values represent the
percentage of parasitized third-instar larvae exhibiting encapsulation response; sample sizes are in parentheses. Encapsulation capacity
(horizontal axis; for control and mutant larvae) was calculated as [(number of larvae with positive encapsulation)/(total number of
parasitized larvae)] 100%. Genotypes are listed along vertical axis. ecd1/ecd1 larvae are from ecd1/TM6BTb stock. ecd1/Df larvae are from
the cross Df/TM6BTb  ecd1/TM6BTb. brnpr-3/Y; rlb/ larvae are from the cross brnpr-3/Binsn; /  /Y; rlb/rlb (all larvae from the
original brnpr-3/Binsn stock were unreactive to parasitization, necessitating the crossing in of one copy of rlb; see Materials and Methods).
ecd (black bars) and control larvae (gray bars) were raised at 29°C and assayed at 5–6 days of age; br (black bar) and control larvae (gray bar)
were raised at 25°C and assayed at 6 days of age. Comparison of control and mutant encapsulation capacities was made by a standard Z test:
significant differences between control/heterozygote and mutant values are indicated: ***, P  0.01.
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rlb/rlb stock (see Materials and Methods). Like the ecd
mutants, br mutants also exhibited a highly significant
reduction in encapsulation capacity (by 75%; Fig. 2), sug-
gesting the involvement of br in the encapsulation re-
sponse.
To determine whether the suppression of encapsulation
capacity by ecd could be explained in terms of a reduction
in the number of the lamellocytes that appear in response to
parasitization, we examined fixed, Hoechst-stained hemo-
lymph smears from parasitized larvae for the proportion of
lamellocytes in all circulating hemocytes (designated
postinfection lamellocyte percentage, PIL%). At 29°C,
6-day-old heterozygotes from the deficiency cross exhibited
PIL% values of 6.52  0.96% (n  7; larvae negative for
encapsulation) and 6.46  6.10% (n  7; larvae positive for
encapsulation). However, their ecd1/Df siblings exhibited a
PIL% value of 0.00% (n  4). Similarly, parasitized 9-day-
old ecd1/ecd1 larvae from the homozygous stock exhibited a
PIL% value of 1.07  0.54% (n  17) at 29°C.
Because lymph gland dispersal is a response associated
with parasitization (Figs. 1Q and 1R; Lanot et al., 2001), we
quantified lymph gland integrity in parasitized Bc/;
ecd1/Df mutants (Table 1; Fig. 3). Whereas almost 90%
(26/29) of the lymph glands of the control class exhibited at
least minimal signs of dispersal (Table 1, rows 3 and 4; Fig.
3C), only 10.53% (2/19; Table 1, rows 5 and 6; Fig. 3D) of
mutant lymph glands of the same chronological age showed
any signs of a reaction. Thus, there is clearly a highly
significant (P  0.01) reduction in the frequency of lymph
gland dispersal in parasitized ecd1/Df mutants. Consis-
tent with departure of hemocytes from the lymph gland,
dispersed control lymph glands exhibited significantly
fewer black cells than the intact controls (Table 1, rows
3– 6; Fig. 3C).
The suppression of lymph gland dispersal, the severe
reduction of circulating postinfection lamellocytes, and the
suppression of encapsulation strongly suggest that ecdy-
sone plays a role in lymph gland response to parasitization.
ecd Suppresses Third-Instar Immune Proliferation
Results associated with Fig. 1 above suggest that prolif-
eration is necessary for the amplification of immune effec-
tor populations in the third-instar stage. We counted the
number of lymph gland hemocytes that stained positively
for anti-phosphohistone H3 (a mitotic marker; see Materi-
als and Methods) antibody in unparasitized and parasitized
hosts raised at 29°C. Examination of ecd1/ lymph glands
at 12 and 24 HPI (64- and 76-h-old animals), revealed no
clear difference in the mean number of mitotically active
cells (range of 9.78–14.10) in unparasitized and parasitized
lymph glands (Table 2, rows 1–4).
However, very early third-instar (84 h, 32 HPI) ecd1/
larvae, when parasitized, exhibit a mitotic index of 32.27 
18.71 hemocytes per lymph gland, which is over 2.5 times
the value for unparasitized glands, at 12.29  10.63 (Table
2, rows 7 and 8; Figs. 4A and 4B). This increase of mitotic
activity in the third-instar lymph gland requires the normal
function of ecd. Thus, when the same experiment was
carried out on developmentally equivalent 96-h-old ecd1/
ecd1 siblings (ecd1 mutants molt into third instar about 12 h
later than heterozygous siblings, at about 96 h; see Materi-
als and Methods), we found that, unlike heterozygous
controls, parasitized mutant lymph glands (44 HPI) do not
TABLE 1
Lymph Gland Dispersal Response and Black Cell Counts in Third-Instar Larvae Raised at 27°C
Row Genotype Wasp
Larval
age (days)
Lymph
gland intact? n
Dispersal
response (%)
Mean black
cell count  SD
1 Bc/; (ecd1, Df)/ unparasitized 6 yes 20 0 90.70  50.73
2 Bc/; ecd1/Df unparasitized 6 yes 20 0 5.50  10.73
3 Bc/; (ecd1, Df)/ G486 6 yes 3 166.00  46.13
4 Bc/; (ecd1, Df)/ G486 6 no 26 89.66 36.00  38.68
5 Bc/; ecd1/Df G486 6 yes 17 81.24  48.43
6 Bc/; ecd1/Df G486 6 no 2 10.53 0.00  0.00
7 Bc/; ecd1/Df unparasitized 10 yes 10 0 nr
8 Bc/; ecd1/Df G486 10 yes 7 nr
9 Bc/; ecd1/Df G486 10 no 1 12.50 nr
Note. Lymph gland dispersal response and black cell counts in third-instar (6-day-old) larvae. Data are identified in the text by row
number. Lymph gland intact?: no, at least minimal signs of dispersal (e.g., ruptured basement membrane, irregular protrusions of hemocytes
from otherwise smooth outline of lobes); yes, lymph glands seemingly intact. ecd1/Df significantly reduces lymph gland dispersal in
response to parasitization: 26/29 (89.66%) of control glands had at least begun dispersal (rows 3 and 4), whereas only 2/19 (10.53%) mutant
glands had done so (rows 5 and 6). Total black cell count: mean  SD of total number of blackened crystal cells in all lymph gland lobes
(see Materials and Methods). ecd1/Df does not prevent crystal cell response to parasitized double mutants (81.24; row 6); this value is not
significantly different from that of unparasitizxed controls (90.70; row 3). Parasitized controls (rows 6 and 8) are significantly lower than
unparasitized controls because of dispersal. nr, not reported; we could not produce a clear statistical statement about black cell counts in
10-day-old lymph glands due to the high variability of counts.
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exhibit a mitotic burst; indeed, mitotic activity remains at
the unparasitized level (10.90  7.35; Table 2, row 10; Fig.
4D). Unparasitized 96-h-old early third-instar ecd mutants
maintain a background mitotic index (14.07  7.75; Table
2, row 9; Fig. 4C) statistically indistinguishable from the
already cited control value (12.29  10.63; Table 2, row 7).
Thus, even though unparasitized control lymph glands
from either L2 or L3 larvae have comparable mitotic indi-
ces, the cells of the L3 gland have acquired the ability to
expand a specific population of hemocytes in response to
immune challenge. In contrast, second-instar (76-h-old) ecd
mutant lymph glands exhibit a much lower mitotic index
(unparasitized: 5.60; a 60% reduction; parasitized: 2.50, a
74% reduction; Table 2, rows 5 and 6). Furthermore, a
parasitization-associated increase in mitotic activity in
third-instar (96-h-old) ecd glands was not observed, even
though such glands do have a background mitotic index
that falls within the range of the controls.
The Effects of ecd on Crystal Cell Population
Results from the previous sections strongly suggest that
parasitization triggers a complex immune response in the
third-instar lymph gland, which likely involves both prolif-
FIG. 3. (A–D) Blackened crystal cell distribution in third-instar lymph glands. (A, C) Bc/; (ecd1, Df)/. (B, D) Bc/; ecd1/Df. (A, B) 27°C,
unparasitized. (C, D) 27°C, G486. Note obvious signs of dispersal of anterior lobes in (C) (arrowheads; white arrowhead indicates basement
membrane), whereas the lymph gland is intact in (D) (dispersal response and black cell counts in this experiment are quantified in Table
1). All samples are from 6-day-old larvae from a cross (24-h egglay) of y w/y w; ecd1 st1 red1 e4 ca1/TM6B e Tb/Y; Df(3L)R-G7 ve1/TM6B
e Tb. In all images, anterior is at the top; all images are of the same scale. Scale bar (in D), 100 m.
72 Sorrentino, Carton, and Govind
© 2002 Elsevier Science (USA). All rights reserved.
eration and differentiation of immune effector cells. Using
the Bc marker, we specifically investigated whether low-
ered ecdysone levels might inhibit the parasitization-
induced increase in mature crystal cells. Twenty-four-hour
egglays of a Bc/CyO; ecd1/TM6B Tb  /; Df(3L)R-G7/
TM6B Tb cross (long egglays were done to ensure a suffi-
cient number of animals) were subjected to wasp parasit-
ization and simultaneously upshifted to 27°C (not 29°C; see
Materials and Methods) while larvae were in second instar.
Six-day-old third-instar larvae (both heterozygotes and mu-
tants) were dissected to monitor lymph gland morphology
and crystal cell number.
As seen in Table 1, all glands from unparasitized animals,
regardless of genotype, were intact. However, consistent
with their smaller size (Fig. 3B), the mean number of black
cells in mutants was substantially lower (5.50; Table 1, row
2) than in controls (90.70; Table 1, row 1), likely because of
lower proliferation rates in the lymph gland during second
instar (see previous section and Table 2). Parasitization of
heterozygotes resulted in an increase in lymph gland black
TABLE 2
Mitotic Index of ecd1/ and ecd1/ecd1 Lymph Glands (29°C)
Row Genotype Wasp
Larval
stage
Larval
age (h) HPI n
Mean number of
M-phase cells  SD
Par./Unpar. Ratio;
Significance
1 ecd1/ unparasitized L2 64 — 5 12.80  2.40 no significant
2 ecd1/ G486 L2 64 12 5 13.20  2.14 difference
3 ecd1/ unparasitized L2 76 — 10 14.10  8.54 no significant
4 ecd1/ G486 L2 76 24 9 9.78  6.74 difference
5 ecd1/ecd1 unparasitized L2 76 — 10 5.60  2.72 0.45
6 ecd1/ecd1 G486 L2 76 24 10 2.50  2.55 0.02  P  0.01
7 ecd1/ unparasitized L3 84 — 24 12.29  10.63 2.63
8 ecd1/ G486 L3 84 32 33 32.27  18.71 P  0.001
9 ecd1/ecd1 unparasitized L3 96 — 30 14.07  7.75 no significant
10 ecd1/ecd1 G486 L3 96 44 41 10.90  7.35 difference
Note. Mean number of mitotic cells within entire lymph glands, as indicated by positive staining for phosphohistone H3. Lymph glands
from early third-instar (84-hour-old; row 7) control heterozygotes exhibit a clear increase in mitotic index that is associated with
parasitization (row 8). This increase is not seen in early third-instar (86-h-old; mutants were observed at a developmentally, not
chronologically, equivalent time; see Materials and Methods) mutant glands (rows 9 and 10), in which the mitotic index remains the same.
(L2, second instar; L3, third instar. Samples from this experiment are presented in Fig. 4. HPI, hours postinfection. Par./Unpar. ratio, mean
value of parasitized class divided by that of the unparasitized class; e.g., 32.27/12.29 2.63. Significance, mean value SD of pairs of values
were compared using modified Student’s t test (see Materials and Methods). Means were considered significantly different if P  0.05.
FIG. 4. Lymph gland mitotic activity of early third-instar larvae at 29°C (ecd1 st1 ca1/TM6B e Tb stock), as indicated by positive staining
with anti-phosphohistone H3 antibody. (A) ecd1/, 84 h, unparasitized. (B) ecd1/, 84 h, 32 HPI by G486. The parasitization-associated
mitotic burst is evident: the number of dividing cells is significantly higher than in (A). (C) ecd1/ecd1, 96 h, unparasitized. (D) ecd1/ecd1,
96 h, 44 HPI by G486. No parasitization-associated increase in mitotic activity is apparent, as in (B). Mitotic index is quantified in Table
2. In all images, anterior is at the top; all images of the same scale. Scale bar (in D), 100 m.
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cell count to 166.00 (Table 1, row 3). Surprisingly, mutants
also exhibited an increase, to 81.24 (Table 1, row 5), a
population size consistent with the normal complement of
crystal cells of the intact unparasitized gland. This result
suggests that lowered ecdysone levels cannot inhibit the
appearance of mature lymph gland crystal cells in response
to parasitization.
ecd1 Partially Suppresses hopTum-l Melanotic
Capsule Phenotype
To confirm the correlation between ecdysone deficiency
and reduction in encapsulation capacity, we tested the
effect of ecd1 on encapsulation in a background in which
lamellocytes are produced in lymph glands without para-
sitization. The temperature-sensitive semidominant lethal
mutation hopTum-l causes an overproliferation of circulating
hemocytes, the appearance of lamellocytes in large num-
bers, and the encapsulation of self tissue (Luo et al., 1995).
The temperature-sensitive period of hopTum-l, like that of
ecd1, begins in the second larval instar (Hanratty and
Dearolf, 1993; Garen et al., 1977). We analyzed the size and
number of melanotic capsules in third-instar larvae at 18,
25, and 29°C, and adults at 25°C (Fig. 5A). At all three
temperatures, 100% of hopTum-l/Y larvae exhibited multiple
capsules. Lowering of ecdysone levels in hopTum-l/Y; ecd1/
ecd1 animals resulted in a mild, but significant, suppression
of the hopTum-l melanotic capsule phenotype. Thus, at 18 and
25°C, over 10% of double mutants were completely clear of
melanotic capsules, and at 29°C, nearly 20% were devoid of
capsules (Fig. 5A). Furthermore, most double-mutant larvae
that did score positively for capsules exhibited fewer and
smaller capsules (results not shown). Tumor penetrance in
surviving double-mutant adults at 25°C (86.2%) is consis-
tent with the corresponding larval value (Fig. 5A). Thus,
ecd1 is able to partially suppress the hopTum-l-induced mela-
notic capsule phenotype.
Because of its effect on melanotic capsule penetrance, we
reasoned that ecd1 might also affect the encapsulation
capacity of hopTum-l mutants, which are highly immune
competent (Nappi et al., 1984). We therefore subjected
hopTum-l/Y and hopTum-l/Y; ecd1/ecd1 larvae to parasitization
by G486 at 29°C. At 29°C, the encapsulation capacity of the
double mutants (43.56%; Fig. 5B) was just under three-
fourths that of the hopTum-l/Y animals (59.82%; P  0.05).
Together, these results further support the involvement of
an ecdysone-dependent pathway in the encapsulation re-
sponse.
Lymph Glands of Older, Developmentally Arrested
ecd1, but Not brnpr-3, Mutants Are Hypertrophic
Given that ecdysone controls a subtle, yet measurable
amplification of cell types in the lymph land, we wondered
if the normal ecdysone program contributes to normal
development of the lymph gland in the late third instar and
its eventual dispersal during metamorphosis. Even though
lymph gland morphology of 5- to 6-day-old feeding third-
instar ecd1 mutants raised at 29°C appears normal (and
often somewhat smaller), at 10 days, a time well past the
normal developmental dispersal of the lymph gland, ecd1
larvae not only have intact lymph glands, these glands
revealed a striking temperature-linked hypertrophy (Fig.
6D). This hypertrophy is not observed in the control
(Basc/Y) 25°C (Fig. 6A) or the ecd1 18°C (Fig. 6B) glands. At
25°C, ecd1 exerts a mild effect on lymph gland morphology
(Fig. 6C, arrowheads). The greatest effect of the hypertrophy
is observed in the posterior lobes (Fig. 6D, arrowheads). Not
even parasitization could induce dispersal: a majority of
glands from 10-day-old larvae (7/8; 87.50%; Table 1, rows
7–9) were still intact after having sustained their parasites
for 4 days more than their 6-day-old counterparts. Interest-
ingly, lymph gland hypertrophy observed in ecd mutants is
not reflected in circulating hemocyte concentration, as
mean hemocyte concentration in 10-day-old ecd1 mutants
was not significantly different from that of 6-day-old sibling
controls (results not shown). However, hypertrophy was not
seen in lymph glands of brnpr-3 mutants, either at 6 or 10
days of age (Figs. 6E and 6F), and not surprisingly, mean
hemocyte concentration at 10 days was within the range of
6-day controls (not shown).
We confirmed a link between lymph gland hypertrophy
observed in developmentally delayed ecd1 animals and cell
division by making use of antibodies for the cell cycle
marker cyclin B (cycB; cycB is present from mid-G2 to
metaphase; Huang and Raff, 1999). Immunostaining results
for lymph glands from Canton S (5 days) and ecd1/ecd1 (10
days) larvae raised at 29°C are shown in Figs. 6G–6K
(negative control: Canton S with no primary antibody; Fig.
6G). Canton S lymph glands are cycB-positive in many cells
within the anterior lobes (Fig. 6H). In the posterior lobes,
cycB-positive cells were concentrated in the most periph-
eral cellular layer, and posterior lobe staining patterns
varied by lobe within the same gland (Fig. 6I). Consistent
with their greater relative increase in size, posterior lobes of
10-day-old ecd1/ecd1 mutant lymph glands (Fig. 6K) con-
tained more cycB-positive cells than did the anterior lobes
(Fig. 6J).
DISCUSSION
The Larval Lymph Gland Is the Primary Site
of the Cellular Immune Response
The larval lymph gland, like the larval fat body, is the
source of a large-scale and effective immune response. Our
current understanding of the encapsulation response in
Drosophila melanogaster is based largely on the work of
Rizki and Rizki (1992), who reported an increase in circu-
lating lamellocytes when larvae are infected by L. boulardi
and proposed that lamellocytes needed for encapsulation
differentiate from circulating plasmatocytes (Rizki, 1957).
However, Lanot et al. (2001) have recently reported that
lamellocytes differentiate in the anterior and posterior
lobes in response to parasitization by L. boulardi and are
released into the hemocoel. Using the same parasite–host
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FIG. 5. ecd1 partially suppresses encapsulation of self and foreign tissue in hopTum-l mutants. (A) Melanotic capsule penetrance in
third-instar hopTum-l/Y; ecd1/ecd1: the percentage of unparasitized animals exhibiting melanotic tumors is listed to the right of each bar;
sample size is in parentheses. Larvae raised at 18, 25, and 29°C are indicated by white, light gray, and dark gray bars, respectively. (B)
Encapsulation capacity of 5-day-old (third instar), G486-parasitized hopTum-l/Y; ecd1/ecd1 larvae at 29°C. Comparisons of proportions were
done by standard Z test. Significant differences are indicated: *, P  0.05; **, P  0.02; ***, P  0.01.
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FIG. 6. Lymph gland hypertrophy in 10-day-old unparasitized developmentally arrested larvae is evident in ecd1, but not in brnpr-3,
mutants. (A) Basc/Y, 25°C, 6 days; normal lymph gland morphology. (B–D) ecd1/ecd1 from homozygous ecd1 st1 ca1 stock. (B) 18°C, 13 days;
note normal morphology. (C) 25°C, 10 days. Note somewhat enlarged posterior lobes (arrowheads). (D) 29°C, 10 days; note extensive
hypertrophy of all lobes, particularly in the posterior lobes (arrowheads). (E, F) brnpr-3/Y, 25°C. (E) 6 days. (F) 10 days. The hypertrophy
associated with ecd1 (D) is not evident in similarly-aged brnpr-3 mutants (F). In all images, anterior is at the top. Scale bars, 100 m. (G–K)
Confocal images of anti-cyclin B immunostaining of lymph glands from larvae raised at 29°C. (G) Canton S-negative control (no primary
antibody). (H, I) Anterior (H) and posterior (I) lobes of lymph glands from unparasitized Canton S larva (5 days). (J, K) Anterior (J) and
posterior (K) lobes of lymph glands from unparasitized ecd1/ecd1 larva (10 days). All confocal images are at the same magnification; anterior
is at the top. Scale bars, 70 m. For each lymph gland, the regions contained in confocal images are indicated by labeled boxes on adjacent
silhouettes. The top image from each lymph gland is from an anterior lobe; the lower image is from posterior lobes. All lymph gland
silhouettes are on same scale. Scale bars, 100 m. Note ongoing lymph gland mitotic activity, more so in the posterior lobes (K), in ecd1
mutants.
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system, we not only confirm the results of Lanot et al., but
also provide a more comprehensive set of data that allows
us to piece together changes that occur in the lymph gland
prior to encapsulation. The major new findings are: (1) a
limited burst of mitosis is observed in early third-instar
hosts 32 h after parasitization; (2) differentiation of lamel-
locytes in the anterior lobes of lymph glands of parasitized
animals is accompanied by an expansion in the number of
mature crystal cells; and (3) there is a positive correlation
between parasitization and lymph gland dispersal. The
effect of infection on the lymph gland plasmatocyte popu-
lation (proliferation, differentiation and release) has not
been characterized, and it would not be surprising if they
played a key role in lymph gland response to parasitization.
Application of cell-specific and mitosis markers in double-
staining experiments will clarify whether specific cell types
participate in the proliferation response.
The ability of the lymph gland to respond to parasitiza-
tion is controlled spatially. The strongest immune response
is observed in the anterior lobes, with only minor responses
seen in the posterior lobes. Lanot et al. (2001) reported large
numbers of lamellocytes in the first posterior lobes, but
such a difference may be due to differences in the strengths
of the immune response: our observations are derived from
single infection experiments, whereas Lanot et al. per-
formed superinfections in which a single host was infected
by multiple eggs. Whether circulating plasmatocytes out-
side of the lymph gland can differentiate into lamellocytes
is still an open question, but we observed no circulating
lamellocytes in hemolymph from parasitized second-instar
larvae (results not shown). Thus, lymph glands from para-
sitized larvae exhibit characteristics expected of immune-
responsive tissue: the proliferation, differentiation, and
mobilization of immune effector cells.
The Development of Immune Competence
The ability of the lymph gland to respond to parasitiza-
tion is not only restricted spatially, but is also strictly
controlled during development. Three lines of evidence
support the idea that the second-instar lymph gland does
not possess the ability to mount an immune response,
whereas a third-instar gland has acquired this capacity: (1)
Second-instar lymph glands have fewer cells, and do not
contain mature crystal cells. Anterior lobes of third-instar
lymph glands show a dramatic, over fourfold increase in
size over second-instar lymph glands, and show a striking
increase in mature crystal cell numbers (Fig. 1). These
observations are consistent with previous reports (Shrestha
and Gateff, 1982; Lebestky et al., 2000; Lanot et al., 2001).
(2) Time-course analysis of lymph glands from G486-
parasitized host larvae revealed that, although a wasp egg is
present in the second-instar host larva, there is no evidence
of any response by lymph gland lamellocytes or crystal cells
until after the host has molted into third instar (Fig. 1). (3)
Finally, lymph gland mitotic activity in G486-parasitized
hosts remains indistinguishable from that of unparasitized
hosts while in second instar (Table 2; Fig. 4). It is only after
molting into the third instar that a significant increase in
lymph gland mitotic activity can be observed (Table 2; Fig.
4). These key observations highlight the singular impor-
tance of the L2–L3 transition to the development of cellular
immune competence as it pertains to encapsulation.
The mechanism by which immune competence is ac-
quired is linked to ecdysone, and in this study, we have
uncovered specific aspects of this link. First, lymph glands
from second-instar ecd1 mutants upshifted to 29°C have
lower basal mitotic levels 24 h after upshift, and resultant
third-instar mutant lymph glands are somewhat smaller
than controls. However, by early third instar, lymph gland
mitotic activity is the same for both unparasitized controls
and mutants, suggesting that ecd1 has no significant effect
on basal mitosis after the L2–L3 molt. Yet, early third-instar
mutant larvae do not show the mitotic burst observed in
early third-instar lymph glands from parasitized wild-type
larvae. Second, few lymph glands from parasitized ecd1/Df
larvae exhibit any signs of dispersal seen in most ecd1/
lymph glands. Those mutant glands that do disperse exhibit
only minimal symptoms of dispersal (Table 1). Third, the
percentage of hemocytes that are lamellocytes in parasit-
ized ecd1/ecd1 and ecd1/Df larvae are indistinguishable
from samples from unparasitized wild-type larvae. Such
results strongly suggest that ecdysone is necessary for
normal proliferation and differentiation of lamellocyte pre-
cursors in the lymph gland, without which dispersal of the
lymph gland and encapsulation of parasite egg are less
likely to occur.
Like the lamellocytes, lymph gland crystal cells respond
to parasitization; however, their response appears to be
more complex. Consistent with reduced mitotic activity in
late second instar, lymph glands from unparasitized Bc/;
ecd1/Df larvae exhibit almost no mature crystal cells, far
fewer than in control siblings (Table 1, rows 1 and 2; Figs.
3A and 3B), indicating a suppression of proliferation and/or
differentiation of crystal cell precursors. However, parasit-
ization is still able to elicit a crystal cell response: mature
crystal cell count in parasitized third-instar Bc/; ecd1/Df
double-mutants is greater than 10-fold higher than that of
unparasitized double mutants (Table 1, rows 2 and 5; Figs.
3B and 3D). Yet mean crystal cell count is still about half
the value of parasitized controls (Table 1, row 3). Thus,
lymph gland crystal cell response to parasitization is par-
tially, but not completely, suppressed by a reduction of
ecdysone. Together, these observations account for the
complete or near absence of encapsulation observed in
mutant hosts.
Steroid Hormones and Hematopoiesis
Our findings here have uncovered a new aspect of tissue-
specific regulation by ecdysone on hemocyte proliferation
and differentiation. In Drosophila, the steroid hormone
ecdysone binds to a heterodimeric cytoplasmic receptor
composed of the ecdysone receptor (EcR) and ultraspiracle
(Usp) subunits, both of which have human homologues
(e.g., thyroid hormone receptor and retinoid X receptor,
77Ecdysone Regulates Cellular Immune Competence in Drosophila
© 2002 Elsevier Science (USA). All rights reserved.
respectively; Yao et al., 1992). The ecdysone/EcR/Usp com-
plex activates a genetic hierarchy of early (e.g., Broad
Complex) and early–late genes. This activation then trig-
gers a secondary response that controls development and
metamorphosis (Thummel, 1996).
In Fig. 7, we propose a model in which lymph gland
development and specific steps in hematopoiesis required
for the encapsulation response are both tied to a signal
transduction pathway triggered by ecdysone, possibly at the
L2–L3 transition. This pathway regulates the capacity of
lamellocyte and crystal cell precursors to respond to infec-
tion. While the precise role of the ecdysone pathway in
these steps is not clear, it is possible that ecdysone induces
division of hematopoietic progenitors in order to maintain a
critical basal population of immature immune effector
cells. In addition, ecdysone may trigger differentiation in
lamellocyte and/or crystal cell precursors. If so, third-instar
ecd mutant lymph glands would have fewer lamellocyte
and crystal cell precursors, most or all of which in an
immature or unpotentiated state that prevents them from
responding to parasitization; the aggregate effect of this
would be an unresponsive lymph gland.
Availability and application of molecular markers for
progenitors versus differentiated lamellocytes and crystal
cells will allow validation of this model and facilitate
examination of whether or not lymph gland overgrowth
mutants, such as hopTum-l, affect cell populations and bypass
the requirement for ecdysone. Such studies can then reveal
whether suppression of the hopTum-l phenotype in hopTum-l/Y;
ecd1/ecd1 double mutants (fewer and smaller melanotic
tumors than do hopTum-l/Y larvae) is due to changes in these
progenitor cells or unrelated effects “downstream” in the
encapsulation process.
The above model for ecdysone-dependent regulation of
hematopoiesis is strikingly similar to the role of mamma-
lian steroid hormones such as glucocorticoids. DNA-
binding hormone receptors, such as the glucocorticoid
receptor (GR), also regulate transcription and influence a
variety of biological processes including proliferation and
differentiation of cells of the immune and hematopoietic
FIG. 7. Ecdysone contributes to immune-response and developmental dispersal of the lymph gland. (A) The role of ecdysone in lymph
gland response to parasitization begins in the second instar. In the second-instar lymph gland, ecdysone promotes background proliferation.
The resultant third-instar lymph gland contains a necessary threshold population of immune-competent crystal cells (solid black circles)
and pro-lamellocytes (black circles with gray fill). In parasitized third-instar larvae, ecdysone promotes an increase in lymph gland mitotic
activity, presumably of effector cells. Ecdysone may also contribute to terminal differentiation of immune effector cells. The lymph gland
disperses, releasing hemocytes including crystal cells and fully differentiated lamellocytes (gray polygons). Reduced ecdysone levels in ecd
mutants results in a lymph gland much less likely to disperse and release immune effector cells. Mutant lymph glands may not be immune
competent by virtue of a reduced population of immune effector cells upon transition to third instar, elimination of immune-response
mitotic activity, and the inability of immune effectors to terminally differentiate.
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lineages. Many studies have shown that administration of
glucocorticoids enhances erythropoiesis (e.g., Wessely et
al., 1999 and references therein) and granulocyte and extra-
thymic T cell number and function (Maruyama et al., 1999).
Yet, mice lacking the glucocorticoid receptor show no
obvious defects in normal erythropoiesis. However, like
infected ecd mutant larvae, these GR-deficient mice are
unable to respond to stress situations, such as erythrolysis
or hypoxia, and are unable to expand the population of
immature erythroid cells during stress erythropoiesis
(Bauer et al., 1999).
Ecdysone Is Required for Metamorphic Lymph
Gland Dispersal
Lanot et al. (2001) observed that, at metamorphosis,
lymph gland hemocytes differentiate into actively phago-
cytic macrophages, and are later found in the hemolymph.
Ecdysone was implicated in this process, as ecdysone in-
jected into mid-third-instar larvae caused plasmatocytes to
exhibit the adhesive capacities of macrophages. If the ecdy-
sone spike at the onset of metamorphosis is necessary for
the differentiation of lymph gland hemocytes, then abroga-
tion of the L3-P spike by ecd would be expected to prevent
this differentiation process and maintain the integrity of
the lymph gland. Indeed, not only do lymph glands of ecd
mutants remain intact 4 days after parasitization, they
become hypertrophic and remain intact in 10-day-old de-
velopmentally arrested mutants (Fig. 6D). While we do not
yet know which hemocyte lineages contribute to the ex-
pansion of the lymph gland, we propose that ecdysone acts
as a switch between proliferation and terminal differentia-
tion of lymph gland hemocytes at metamorphosis. In the
absence of ecdysone, lymph gland hemocytes in older,
developmentally arrested larvae continue to divide and
cannot undergo terminal differentiation. Support for this
idea is provided by in vitro experiments: application of
ecdysone to in vitro cultures derived from hemocytes of
l(2)mbn mutants leads to arrest of cell division, as indicated
by reduction in cell number (Gateff et al., 1980; Dimarcq et
al., 1997). Furthermore, in the Drosophila Kc cell line (also
of hematopoietic origin; Andres and Cherbas, 1992), the
continuous presence of ecdysone arrested cells in the G2
phase of the cell cycle for 100 h and resumed division by
120 h (Stevens et al., 1980). Finally, it is important to note
that lymph gland hypertrophy is not a necessary conse-
quence of prolonged larval life, as this effect was not
observed in lymph glands from 10-day-old brnpr-3 mutants
(Fig. 6F).
Our understanding of the role of ecdysone in lymph gland
development is rudimentary. Our results provide a starting
point for the molecular characterization of the components
involved in hormonal regulation of hemocyte division and
differentiation. Further analysis is bound to yield insights
into the regulation of hematopoiesis and cellular immunity
in Drosophila.
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